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A great.ly inproved test. of the equival ence of inertial and
gravitational masSS IS now possible, using superconduc ting
measurement technology in an cart.h-orbitit-1g spacecraft., Since the
equi val ence principle is a fundanental postulate of Einstein's
gencral theory of relativity, a precise test i s of interest.

A liquid helium ecryogen must be used to maintain the

tenperature of the four gravimeters at. 1.8 K Because of the
extreme sensitivity of the nmeasurenent, the gravitational
disturbance caused by the notion of the liquid helium in the | ocal
gravity-gradi ent field i S of concern. 1t is proposed to use
electrostatic forces to provide the necessary cent-rol .  We present.
a description of the design and performance of a proposed flight
System
| NTRODUCTI ON

Galileo and Newton assuned that, pravitation is a universal {force which applies
equally to all bodies in proportion to their masses, and that inertia] mass is
proport.ions] to gravitational nass. From these assunptions, it follows that any two
bodies will fall with equal accelerations in a gravitational field. Newton formulated
this explicitly in his equations of notion:

f=my+ d f=m_¥a => a=(-—-2) *g

The assumption of equivalence is hot obvious, and it. has been the subject of
guest ion anti experime nt down to the present . (Fig. 1 ). Finstein made the bold
post ul ate that. equivalence is a fundamental property of matter. Coupled with his
equal Iy bold postul ate that the speed of 1ight i s a constant independent of the velocity
of the observer, the equivalence principle leads directly to the Einstein's geonetrical
picture of gravitations a warping in space time.
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The equival ence principle is known to be true to an accuracy of a part in 102,
why then should we reneasure such a precisely known quantity?  There are several
answers . Firstly, any quant ity which is the basis of such a fundamental and precise
theory as genera] frelativity should be test.ed to the limts of current. technique;
sccondly, quant um mechani cs and general relativity in theirpresent forms cannot both
be true, and discovery of a deviation from the equivalence principle nmay point the way
to a resolution of the paradox; and thirdly, certain nucl car forces may give rise to an
apparent. violation of the equivalence principle; precise measure. ments Wi ll help shape

the theory of such forces.

Fotvos and | ater Dicke extended the accuracy of the measurement of eta, defined

n= 2 *FEL -]

m; Una]

to about. 1 part. in 10''by the use of a new technology, t-he torsion bal ance. Dicke's
measurements appear to have reached the |imt possible in |aboratory measurements;
unavoidable pravi t.at.ions] and seism c noise can only be circumvent. ed by completely new
techni ques .

THE STEY EXPERIMENT

The proposed nmeasurenent. will be make use of four ultra-sensitive different, ial
accelerometers on @ sat ¢1 1 i te in an polar orbit at. about. 500 km The instrument will
be cooled to 1 .8 Kin a superfluid helium cryo stat., The hel ium boil-off will be used
to conpensate drag. Superconducting quantum interference detectors will neasure the
rel ative displacenent. of the two masses of the diff erential accel eroneter to about 10"
cm .

The STEP experiment: W |l extend the neasurement of n to 1 part in 10", The
i nprovenent. resul ts from several factors; reduction of seismc neise by operation in a
drag - free spacecraft, ; use 0f superconducting quantum interference detec tors and

superconducting bearings; and the use of phase de tect ion at the signal frequency to
reduc ¢ random and non-synchronous noi se

The measurement Of n in space was proposed by P. Chapnman in 1964, anti by Worden
ancl Fverit t (Ref. 1, 2). This has resulted in several proposals f-or test s using a
different ial gravimeter in earth orbi t.. A proposal titled Satellite Test of the
Equivalence Principle (STEP) was subnmit-ted to ESA by an American/Furopean team for the
second ESA moderate m Ssion (M2) , but. lost out by a narrow mar gin. It. is being reworked
and resubmi tte d for the M3 mi ss ion by a largely European team for flight. in 2005.
Meanwhi 1 ¢, a St. an ford -J Pl teamis leading an cffort (QUICKSTE P) to fly a mi ssion with
reduced scope! with NASA funding in 1999 or 2000.

HEL] UM TIDES




A key feature of the orbital experiment is that the signal of the violation of the
equi val ence principle is at the orbital period of 6400 sec. See Fig. 2. A narrow-band
filter will be used to remove disturbances except those at- the orbital period. One such
di sturbance results from the motion of the liquid helium in the gravity gradient field.
As shown in Fig. 3, the gravity gradients drive the helium into a conplex solid figure
whi ch rotates with respect- to t-he spacecraft at the orbits] frequency.

Any asymmetry in the location of the helium causes a gravitational disturbance

which cannot. be separated from the equival ence principle! violation signal. St at ed
anot her way, t-he free surface of the superfluid helium nust not be allowed to nove more
than a tort.ain amount.. The allowed motion i s strongly dependent on the distance from

the cent.er of mass of the differential accel erometer, as shown in Figurea
ELEGTROSTATIC SYSTEM

1t is planned to elimnate the effect of the helium notions by controlling the
locat.jell of the free surface by electrostatic forces. It is well known that. dielectrics
experience a force in which is proportional to the square of the field gradient and in
a direct-ion which noves it. into the region of strongest field. AS shown in an earlier
paper (Ref. 3), the expression for the equivalent acceleration is;

2
1| ¢ E ¢
a=--- o xVe, + - 2x V[E*x(c,- 1) x(e,42)]
pl 2 6
where ¢, '- dielectric constant of a vacuum - 4n*107*?
¢, = relative dielectric constant = 1.05 for heliunm
p = density of liquid helium = 0.143 gu/ce

The first. term is proportional to the gradient. in the dielectric constant.
Because the liquid heliumis relatively incompressible, it is very small in the bulk
fluid, but finite at the free surface between the gas and the liquid, where it acts like
surface tension. The second term is a bulk term proportional to the gradient of EZ,
The direction of the force is such that a liquid with a relative dielectric constant,
greater than 1 will be driven into a region of converging fields.

The electrostatic system is shown in Fig. 5. 1t consists of a set of three
electrodes in the helium tank, a power supply, and the necessary cables and high-voltage
feed-throughs 10 connec _ the power supply to the elect-roclcs.

The el cc trode con figuration i S shown in Fi g. 5. Three concentric ¢l ectrodes are
p] aced in the he] ium tank at. radi i of 187.mm, ?50 mm and 300 mm El ectrode 2 is
grounded, whi le el cct rodes 1 and 3 wi 11 be exci ted by the hi gh vol tage power uni t..

The power unit_ cent sins four individual supplies each capabl e of de] ivering 10, 000
vol ts at 1 mi cro-ampere , Each el ect-rode is driven by two independent. suppli es for
redundancy.  There are no hi gh VO tage SWi tches ; the power i S sSwW tched by turning the
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low voltage input on and off. Each power supply is protected by a resistor. In case
of a failure inside one supply, t-he redundant supply will be able to maintain the

necessary voltage.

The key to the control of the heliumis the placenent of the free surface at. a
di stance of” more t-ban ?5 mmfromthe axis of symmetry. 10 acconplish this during the
first. half of the nmission, electrode 1 is excited, while 2 is kept grounded. The field
configuration and free surf-ace are shown in Fig. 6. Approxi mately half-way through the
mission, electrode 1is grounded and clectrode 3 is excited. The innernost. free surface
is at. clectrode 2, Wth a free surface between el ect.rocles 2 and the tank wall . in each
case , all f-ret surfaces lie outside the forbidden range.

TECHNICA]. I1SSUES
A. Breakdown and Arcing

There are three areas where breakdown nmay occur.  The first i s the cabling and
feedthroughs bet.wcen the power supplies and the entry to the vacuum shell In this
repgion, the pressure varies from one atmosphere during ground testing to near-vacuum
during operation in space. To avoid breakdown and arciung, the feedthroughs and cabling
must. be desipgned so that. the.re i s no gaseous path between high voltage terminals and
bet ween high-voltage terminals and ground. In addi tion, special cabling with an extra
ground shield must be used to prevent. charge build-up on the jinsulating cabl e covering,
which would result. in arcing. (Ref. 4). Finally, the power supply must not. be operated
in the transition region between 1 at, mospherc and vacuum to avoi d any possibility of
break-cl own during |aunch.

The second is between the entry to the vacuum she]] and the entry to the helium

tank . In this re gi on there i S always high vacuum once the vacuum is established.
normal  good high-voltage practice W || avoid breakdowns. |’ here are two speci al
probl ems ; the cabl es and fecdth roughs at. the helium tank must operate at cryogenic

temperatu res; and the cables nust. be he at -sunk t 0 the sh | elds to minimi ze heat. leakape
to the helium bath.

The third area is internal tothe liquid helijum tank. The pressure during
cryogen | ¢ operations is that of’ the saturat ed vapor pressure of liquid hel ium. 1t may
be @s high as 1 at.in when the heliumis at 4.2 K or as low as 150 Pa at. 1.8 K, 1In
he] i wn, the breakdown is a function of’' pressure. At18K the breakdown field is
greater than 500 v

To avoid breakdown several precautions nmust. be taken. These include careful
design of the elect.rode configuration to mnimze electric field, use of high voltage
cable With added shield as described above, and elimination of sharp corners and edges.
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4. Allowed He motion

5. Electrostatic System and El ectrode Configuration

6.Distribution of Liquid Heliumin Orbit




REFERENCES
. P.G.Roll, R V. Krotkov, and R. H. Dicke, The Equival ence of Inertial and
Passive Gavitational Mass, Ann Phys. (NY) 26:442(1964)

?. Worden, P. W and C. F. W. Everitt, Satellite Test of the Equival ence Principle
Science Requirenments Document, Stanford University, Palo Alto, Cal £ | (1990)

3. Jackson, H W, Electrostriction in lLiquid “Be, Physical Review B, 25:3127 (198?).

i, Israelsson, U li., H. W Jackson and D. Petrac, Liquid/Vapour Phase Separation in *le
using Elect.ric Fields, Cryogenics 28:120 (1988)




2961 INHOIA _ |
c ol e

‘ To L
m‘Oe _ N
ﬁo:”—w |

S1N3N H3dxd 4o AHOLSH

d71dIONIdd ON3TVAINOG dHL 40 1S31 F1ITT41LVS Jn——l‘




Yoiokly ONQ
UOWDBIOIA ;0 [Dobg (O
(2)

&/

le————1G:0

|

i
AI mES.>

r————te G {

uo)jDIB|8OOY
|jpljuBIB Q]

AN
-

S8SSDN pgu pijsuo)d {q s8sSSD 66844 (D

j2eesee]

@
| e
'
LG

3

AHLIINOTD SSYIN 1S=1

I1dIONIEd IONTIVAINDZ F-L 20 1831 341T131VS

T el N
G ALISTAAINS QUOINVLS

“lddl”




L 49e030VES ONILVLD¥-NIN ¥ NI
STOVSNAS TWILNILZeINOI LA\ZIGVED ALIAVED

SLOIG 2.i0u0 Of% Dwuls MSIA (03U SUVIC 3,0uT 0L 19110400 MaA

$52054NS e
coiLuaroanns Bugosoy \\\




©

100 |-

ALLOWABLE HELIUM TIDAL
AMPLITUDE (mm)
[

0.001
0. 0001

—
— [
] i

0.01 |7

05 00 275 350 425 500

RAD AL PC%JI&I%CIEF ( H‘r%y D- HELI UM




)

S13S¢€
ST73NVd TVOILNIGi 81
L1d30ONOD 3CG0HLO3 3
WI1SAS TOHLINOD VGIL
ANV SHILINIAVHD

S&3.3AAVED
AVILNSE3E4ESIG

ANTAHOVLLY ) S3Q0HLO3S
czpﬂamzu//\\\ix ' //1]/
> « _ > By
GI3M
ANVL
TIVNIS
i [ . . Iﬂ =
L EITIOBLNOD (W5 \ suoLo3aNNGD
=Tk /Addns [eglele)
N O O HIMOd
L ! : I . :

ONIMEVD FOVLITOA HOIH
WHVYM

dvo
ONLLVIASNI




10.000 VOLTS , C VOLTS

INSULATING
CAP

. FINAL
TANK
WELD

INSULATING
ATTACHMENT

HELIUM FREE
SURFACE

FIRST HALF OF MISSION

3
-

0 VOLTS
N

10,000 VOLTS

INSULATING
CAP

INSULATING
ATTACHENENT

HELIUM FREE
SURFACES

SECOND HALF OF MISSION




